pus, whereas the expression level in CAl pyramidal neurons statted to decrease by the fourth day after ischemia in syn chrony with degeneration of the CA I neurons. The GLAST and GL T I mRNA were rather intensely expressed in the dentate gyrus and CA3 field of the control hippocampus, respectively, but they were weakly expressed in the CAl field before and after ischemia. As GLAST and GLTI play a major role in the control of extracellular glutamate concentration, the paucity of these transporters in the CAl field may account for the vulner ability of CA I neurons to ischemia, provided that the functional GLAST and GL Tl proteins are also less in the CAl field than in the CA3 field. This study suggests that the amino acid trans porters play pivotal roles in the process of delayed neuronal death in the hippocampal CAl field. Key Words: Transient forebrain ischemia-Glycine transporter I-Excitatory amino acid carrier I-Glutamate/aspartate transporter-Glutamate transporter I-In situ hybridization histochemistry.
Exposure of neurons to glutamate causes an increase in the concentration of intracellular free Ca 2 + (MacDermott et aI., 1986) and initiates the process of the delayed neu ronal death (Choi, 1985) . In the hippocampal CAl field, currents through N-methyl-d-aspartate (NMDA) receptor channels are potentiated in response to anoxia or isch emia (Hori et aI., 1991; Crepel et aI., 1993) , in agreement with earlier data demonstrating a post ischemic augmen tation of Ca 2 + influx in CAl pyramidal neurons (Andine et aI., 1988) . These findings indicate that the NMDA receptor plays a key role in early processes of delayed neuronal death of CAl neurons. Because the NMDA receptor is known to require glycine as a co-agonist (Kemp and Leesson, 1993) and its function is controlled by glycine in the synaptic cleft (Supplisson and Berg man, 1997) , extracellular glycine as well as glutamate concentrations may be important determinants of de layed neuronal death.
Extracellular glutamate concentration is regulated by glutamate transporters. To date, five glutamate transport-ers (EAATl-5) have been identified in human (Bar Peled et al., 1997; Arriza et al., 1997) . In rat, three trans porters that correspond to EAA Tl -3 have been cloned: glutamate/aspartate transporter (GLAST, Strock et al., 1992) , glutamate transporter 1 (GLTl , Pines et al., 1992) , and excitatory amino acid carrier 1 (EAAC 1, Ka nai and Hediger, 1992) . In addition, glycine concentra tion in the hippocampus is thought to be regulated by glycine transporter 1 (GLYTl ) on the basis of its distri bution pattern (Adams et al., 1995) . These transporters may participate in the processes of neuronal death or survival in the ischemic brain by regulating extracellular glutamate and glycine concentrations. However, little is known about the normal distributions of these transporter mRNA in the gerbil hippocampus or about changes in the expressions of these transporters in the gerbil hippo campus after transient global ischemia.
Three minutes of forebrain ischemia in gerbil yields a loss of nearly half the CAl neurons on postischemic day 7 if brain temperature is kept at 37.0° ± 0.2°C (Wen et al., 1995a (Wen et al., , 1995b Peng et al., 1998; . In this gerbil ischemia model, the degenera tion of hippocampal CA I neurons appears to proceed more slowly than that in the conventional 5-minute isch emia model in which brain temperature is not maintained at 37.0° ± 0.2°C during ischemia (Kirino, 1982) . It is speculated that changes in the glutamate and glycine transporters also take place gradually in the hippocampus of 3-minute ischemic gerbils, depending on the stages of neuronal degeneration in the CAl field. If this specula tion is the case, one may easily detect the spatial and temporal profiles of glutamate and glycine transporter expressions within the hippocampus during 7 days after 3 minutes of forebrain ischemia.
In the current study, we investigated the differential expressions of GLYTl , EAAC1, GLAST, and GLTl mRNA in the hippocampus of 3-minute ischemic gerbils using in situ hybridization histochemistry.
MATERIALS AND METHODS

Occlusion of the common carotid arteries
Male Mongolian gerbils weighing 70 to 80 g (about 12
weeks of age) were used in the present study. The following experiments were conducted in accordance with the Guide for Animal Experimentation at Ehime University School of Medi cine. The animals were anesthetized with 1.5% halothane in a 4:3 mixture of nitrous oxide and oxygen and placed in a ste reotaxic apparatus. Occlusion of the common carotid arteries was performed as previously described (Sano et aI., 1994; Wen et aI., 1995a Wen et aI., , 1995b Wen et aI., , 1996 Wen et aI., , 1998 Kotani et aI., 1996; Lim et aI., 1997; Matsuda et aI., 1997; Peng et aI., 1998; Sakanaka et aI., 1998) . Briefly, both common carotid arteries were exposed through a ventral midline incision and separated carefully from the adjacent veins and nerves. Immediately after the termina tion of inhalation anesthesia, the common carotid arteries were clamped for 3 minutes with aneurysm clips.
During forebrain ischemia, brain temperature has been shown to fall differently in individual animals, thereby affect ing the number of viable CAl neurons after ischemia (Mitani et aI., 1991) . To avoid the effect of unstable brain temperature on ischemic neuronal loss, we kept brain and rectal temperatures at 37.0° ± 0.2°C while clamping the common carotid arteries. This enabled us to induce an invariable neuronal damage in the hippocampal CAl field even after 3 minutes of ischemic insult (Sano et aI., 1994; Wen et al.. I 995a, I 995b, 1996; Kotani et aI., 1996; Lim et aI., 1997; Matsuda et aI., 1997; Peng et aI., 1998; Sakanaka et aI., 1998) .
Preparation of complementary RNA probes
Rat EAACI , GLAST, and GLT I cDNA fragments were ob tained by using the polymerase chain reaction (PCR), and the PCR products were subcloned into pGEM-T vector (Promega, Madison, WI, U.S.A.). These constructs contained the follow ing cDNA fragments: 1,163 through 1,573 of rat EAAC I cDNA; 1,021 through 1,547 of rat GLAST cDNA; and 320 through 802 of rat GLT l cDNA (starting codon is I). For detection of GLYT I, a construct containing full-length mouse GL YTI cDNA was used (Adams et aI., 1995) . All cDNA frag ments were sequenced and confirmed to be identical with the corresponding genes. Antisense probes were transcribed with the use of T7, T3, or Sp6 polymerase in the presence of 35 S_ UTP (New England Nuclear, Boston, MA, U.S.A.) on the plas mids linearized with appropriate restriction enzymes. For con trol experiments, sense probes were also transcribed in the reverse direction. The probes were purified by ethanol precipi tation and used for in situ hybridization (see below).
In situ hybridization
On the first, second, fourth, and seventh days after 3 minutes of forebrain ischemia, the gerbils (n = 3 for each group) were decapitated under sodium pentobarbital anesthesia (50 mglkg, intraperitoneally). Normal gerbils and rats (n = 3 for each)
were also decapitated under the same anesthetic condition. After washing in water and air drying, they were coverslipped without counterstaining.
Northern blot analysis
For Northern blot analysis, mRNA was isolated from the gerbil brain with the use of Isogen (Nippon Gene, Tokyo, Ja pan) and 0ligotex-dT30 (Takara, Tokyo, Japan). Aliquots 
RESULTS
Expression patterns of GLYTI, EAACI, GLAST, and GL TI mRNA in the gerbil and rat brains
To investigate the specificity of cRNA probes for de tection of GLYTl , EAACl , GLAST, and GLTl mRNA in the gerbil brain, we conducted Northern blot analysis (Fig. 1) . Each probe detected a single band, and the es timated sizes of the bands were 3.8 kilobases (kb) for GL YTl , 3.7 kb for EAAC 1, 4.5 kb for GLAST, and 11 kb for GLTl. These values coincided well with those reported previously in rat (Zafra et al., 1995; Velaz Faircloth et aI., 1996; Strock et aI., 1992; Pines et aI., 1992) .
To further confirm the specificity of the probes, in situ hybridization histochemistry on horizontal sections from the rat and gerbil brains was performed with the probes. In the rat brain, GL YTI mRNA was expressed mainly in fiber tracts such as the corpus callosum and cerebellar medulla, indicating that it is produced in glial cells ( Fig.  2A) . The distribution pattern of GLYT 1 mRNA in the rat brain appeared to be identical with that in the mouse brain (Adams et aI., 1995) GLYTI mRNA in the gerbil brain was also quite similar to that in the rat brain (Fig. 2B ). These findings suggest that the probe used in this study recognizes GL YTI mRNA in the mouse, rat, and gerbil brains. The sense probe showed no hybridization signals (Fig. 2C) .
The probes for detection of three glutamate transport ers enabled us to see characteristic expression patterns of the transporters in the rat and gerbil brains (Fig. 2D, E , G, H, J and K). Intense EAACI mRNA expressions were observed in the pyramidal cell layer and dentate granule ceUlayer of the hippocampus, whereas the cerebral cor tex and olfactory bulb exhibited moderate intensities of EAACI mRNA expression ( Fig. 2D and E) . The Pur kinje cell layer of the cerebellum, the septum, and the olfactory bulb were intensely labeled with the probe for detection of GLAST mRNA ( Fig. 2G and H) . Abundant expression of GLTI mRNA was found throughout the central nervous system of rat and gerbil; intense GL Tl mRNA expressions were observed in the cerebral cortex, basal ganglia, and hippocampus ( Fig. 2J and K) . Thus, the distribution patterns of the mRNA encoding EAAC 1, GLAST, and GLTI in the gerbil brain were similar to those in the rat brain. The sense probes detected no hy bridization signals (Fig. 2F, I and L). These findings suggest that the three antisense probes to localize the mRNA of the rat glutamate transporters can be applied to the gerbil brain.
Expressions of GLYTl, EAACl, GLAST, and GL Tl mRNA in the normal gerbil hippocampus
Because there is no report on the distribution patterns of GLYTl, EAACl , GLAST, and GLTl mRNA in the normal gerbil hippocampus, we first investigated them. In the gerbil hippocampus, GL YTl mRNA was weakly expressed in glial cells adjacent to pyramidal neurons of the CAI -3 fields and in those adjacent to granule cells of the dentate gyrus (Fig. 3A) . In addition, glial cells in the corpus callosum, fimbria hippocampi, and internal cap sule were strongly labeled with the antisense probe for detection of GLYTl mRNA (Fig. 3A) . Microautoradiog raphy revealed that silver grains were mainly confined to astrocytelike cells in the corpus callosum (Fig. 3B , ar rows). This finding was further confirmed by the simul taneous demonstration of GLYTl mRNA and GFAP, a specific marker for astrocytes. The double-labeling method showed that abundant silver grains were located on GFAP-positive cells (Fig. 3C, arrows) , indicating that astrocytes expressed GLYTI mRNA. Strongly expressed EAACI mRNA was observed in the pyramidal cell layers of the CAI -3 fields and in the granule cell layer of the dentate gyrus (Fig. 3D) . Micro autoradiography revealed that pyramidal neurons in the CAl (Fig. 3E) and CA3 (Fig. 3F ) fields expressed EAACI mRNA abundantly. Although GLAST mRNA was expressed in many glial cells throughout the gerbil hippocampus, the dentate gyrus expressed more abun dant GLAST mRNA than the other parts of the hippo campus (Fig. 3G ). An intense GLAST mRNA expression was noted just beneath the granule cell layer of the den tate gyrus (Fig. 3G, arrowheads) . By microautoradiogra phy, astrocytelike cells adjacent to dentate granule cells were shown to produce a large amount of GLAST mRNA (Fig. 3H, arrowheads) . Expression of GLAST mRNA was also seen in the molecular layer of the den tate gyrus (Fig. 3G) different amounts of GLAST mRNA expression were scattered (Fig. 3G) . The double-labeling method demon strated that GLAST mRNA was expressed in GFAP positive astrocytes in the corpus callosum (Fig. 31, ar  rows) .
A characteristic distribution pattern of GLTl mRNA was exhibited, with an intense expression of GL TI mRN A noted in the pyramidal cell layer of the CA3 field (Fig. 3J) . The expression level in the CAl field was weaker than that in the other parts, although astrocytelike cells adjacent to pyramidal cells in the CAl field ex pressed GLTl mRNA abundantly (Fig. 3K , double ar rowheads). Observation with a bright-field microscope revealed that CA3 pyramidal neurons as well as astro cytelike cells expressed large amounts of GLTI mRNA (Fig. 3L, double arrows) . This finding is in contrast to the study of Rothstein et al. (1994) who suggested a specific expression of GLTI protein in astrocytes. The double labeling method showed that GLTl mRNA was ex pressed in GFAP-positive astrocytes in the corpus callo sum (Fig. 3M) . However, the double-labeling method was not sensitive enough to demonstrate the colocaliza tion of transporter mRNA and GFAP in the hippocampal gray matter. Before investigating changes in the expressions of the transporter mRNA in the hippocampus of gerbils with 3 minutes of ischemia, we confirmed the morphologic changes in the hippocampal CAl field on the second, fourth, and seventh days after 3 minutes of ischemia. Nissl staining showed no obvious change until the sec ond day after ischemia (Fig. 4A, B, D and E) ; however, the number of CAl neurons started to decrease by the fourth day after ischemia (Fig. 4G and H) . On the sev enth day after ischemia, the CA 1 region exhibited an apparent decrease in viable neurons compared with the CAl field of sham-operated animals (Fig. 4A , B, J and K); the CAl neuronal density of the sham-operated ani mals was 240.3 ± 16.0 cells/mm, whereas that of the ischemic gerbils was 136.9 ± 34.1 cells/mm. There was a significant difference in CA 1 neuronal density between the two groups (U = 0, P < 0.0 I) (Fig. 5) . Although there were almost no TUNEL-positive cells until the sec ond day after ischemia (Fig. 4C and F) , some TUNEL positive cells appeared by the fourth day after ischemia (Fig. 41) . On the seventh day after ischemia, TUNEL positive neurons were more numerous in the ischemic hippocampal CAl field than in the sham-operated con trol (U = 0, P < 0.001) (Figs. 4L and 5), suggesting that irreversible neuronal degeneration was in progress at this period.
Changes in the expressions of GL YTl, EAACl, GLAST, and GLTl mRNA in the gerbil hippocampus after 3 minutes of ischemia GLYTJ. In the sham-operated hippocampus, a weak GLYTI mRNA expression was observed in the CAl field (Fig. 6A) . After the ischemic insult, GL YTI mRNA expression was upregulated in the CAl pyramidal cell layer (Fig. 6B) ; this increase peaked by the second day after ischemia (Fig. 6C) . Thereafter, the expression of GL YTl mRNA gradually declined (Fig. 6D) , reaching the background level by the seventh day after ischemia (Fig. 6E) . Microautoradiography revealed that astrocyte like cells in proximity to CA 1 pyramidal neurons ex pressed GL YTl mRNA (Fig. 6F) . Quantitative analysis showed that GLYTI mRNA expression in the CAl py- .� ,
GLYTl o 2 ramidal cell layer on the second day after ischemia was almost two times as high as that of the control animals (closed squares in Fig. 6G ). No significant changes in the expression of GL YTI mRNA were noted in the other parts of the hippocampus including the strata radiatum (open squares in Fig. 6G ) and lacunosum-moleculare (closed triangles in Fig. 6G ) of the CAl field.
EAACI. There was abundant expression of EAACI mRNA in the pyramidal cell layers and dentate granule cell layer of the control (sham-operated) hippocampus (Fig. 7 A) . No significant alteration in EAAC 1 mRNA expression was seen in CAl pyramidal cells until post ischemic day I (Fig. 7B) . After postischemic day 2, EAACI mRNA expression in the CAl pyramidal cell layer started to decrease (Fig. 7C) . This decrease became evident on the fourth day after ischemia (Fig. 7D) , and the expression of EAACI mRNA reached the back ground level on postischemic day 7 (Fig. 7E) . At high magnification, the CAl pyramidal neurons surviving at the seventh day after ischemia weakly expressed EAAC I mRNA (Fig. 7F) . Quantitative analysis showed that EAACI mRNA expression in the CAl pyramidal cell mRNA expression in the stratum py ramidale of the CA 1 field (spICA 1), stratum radiatum of the CA 1 field (srI CA1), and stratum lacunosum moleculare of the CA 1 field (slm/CA 1) after 3 minutes of ischemia. Note a significant increase in the stratum py ramidale 2 days after ischemia. Each value represents relative GL YT1 mRNA expression level, obtained by using the intensity of the CA3 pyrami dal cell layer of the control gerbils as a standard, and is shown as the mean (±SD) of three independent analyses. ** P < 0.01, significantly different from the sham-operated group (statistical analyses were performed by the analysis of variance followed by a post hoc test of Fisher). Bar = 1 mm (A-E), 50 �m (F).
layer significantly decreased after postischemic day 2 (closed squares in Fig. 7G ). In contrast, no significant changes were observed in pyramidal neurons of the CA3 field (open circles in Fig. 7G ) and in granule cells of the dentate gyrus (shaded triangles in Fig. 7G ).
GLAST. In the CAl region of the control hippocam pus, astrocytelike cells expressing GLAST mRNA were scattered (Fig. SA) . No substantial changes in GLAST mRNA expression were noted until the fourth day after ischemia (Fig. SA-D and H) . However, on postischemic day 7, GLAST mRNA expression significantly increased in intensity in the alveus and stratum lacunosum moleculare (Fig. SE) . Microautoradiography revealed that astrocytelike cells expressed GLAST mRNA abun dantly in both regions ( Fig. SF and G) . Quantitative analysis showed that GLAST mRNA expression in the stratum lacunosum-moleculare on postischemic day 7 was approximately four times as high as that of the con trol animals (closed triangles in Fig. SH) . In addition, GLAST mRNA expression was also increased in the stratum pyramidale of the CAl field (closed squares in Fig. 8H ) after 7 days. There are no significant changes in At the 7th day after ischemia, the re maining CA1 pyramidal neurons weakly express EAAC1 mRNA (ar rows). (G) Time course of EAAC1 mRNA expressions in the stratum py ramidale of the CA 1 field (spiCA 1), stratum pyramidale of the CA3 field (spl CA3), and in the stratum granulare of the dentate gyrus (sg/OG) after 3 min utes of ischemia. Note a significant de crease in EAAC1 expression in the stratum pyramidale of the CA 1 field. Each value represents relative EAAC1 mRNA expression level, obtained by using the intensity of the CA3 pyrami dal cell layer of the control gerbils as a standard, and is shown as the mean (. SO) of three independent analyses. ** P < 0.01, **** P < 0.0001, signifi cantly different from the sham-operated group (statistical analyses were per formed by the analysis of variance fol lowed by a post hoc test of Fisher). Bar = 1 mm (A-E), 50 IJm (F).
GLAST mRNA expression within the stratum molecu lare of the dentate gyrus (open triangles in Fig. 8H) GLTl. There were no significant changes in GLTI mRNA expression until postischemic day 2 (Fig. 9A-C) . However, after postischemic day 4, GLT1 mRNA ex pression levels in the strata radiatum, pyramidale, and oriens began to decline (Fig. 9D) . By the seventh day after ischemia, GLTI mRNA expression increased in the alveus and decreased markedly in the strata radiatum, pyramidale, and oriens (Fig. 9E) . Microautoradiography showed that in the stratum lacunosum-moleculare, astro cytelike cells abundantly expressed GLTl mRNA by the seventh day after ischemia (Fig. 9F, arrows) . In contrast, astrocytelike cells in the stratum radiatum weakly ex pressed GL Tl mRNA at this period (Fig. 9G, arrows) . Quantitative analysis showed that GLT1 mRNA expres sion significantly decreased in the stratum radiatum of the CAl field (open squares in Fig. 8H ) on postischemic day 7. In contrast, there were no significant differences in GL T1 mRNA expression within the stratum lacuno sum-moleculare of the CA I field (closed triangles in Fig.  8H ) and the stratum pyramidale of the CA3 field (open circles in Fig. 8H ).
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The present study focused on the expressions of four amino acid transporter mRNA in the hippocampus of gerbils with 3 minutes of forebrain ischemia. Although changes in the expressions of certain mRNA generally reflect those in the translated proteins, one must take consideration of the fact that in the ischemic brain pro tein synthesis, but not gene transcription, is frequently impaired (Thilmann et aI., 1986; Xie et aI., 1989; Wid mann et a!., 1992; Furuta et aI., 1993) . Therefore, the changes in the expressions of the transporter mRNA as demonstrated by the present in situ hybridization histo chemistry may not be necessarily accompanied by coor dinated alterations in the translation of the transporter proteins. With this caveat in mind, the implications of the present experimental findings are discussed.
The transporter GL YT1 has been considered to play an important role in the regulation of NMDA receptor function, which requires glycine as a co-agonist (Kemp and Leesson, 1993) . In fact, Virgo and Belleroche (1995) have reported a loss of GLYT1 mRNA expression in the spinal cord of humans with amyotrophic lateral sclerosis, suggesting that the deficit affects synaptic inactivation of glycine and potentially promotes the action of glutamate at NMDA receptor sites. In addition, Supplisson et a1. (1997) have shown that glycine uptake by GL YTl dra matically suppresses NMDA receptor currents by reduc ing glycine concentrations in extracellular spaces where amino acid diffusion is restricted. They suggest that GL YTI is capable of de saturating glutamate-mediated neural transmission. The extracellular concentration of glycine in the CAl field of the rat hippocampus in creased approximately three times above the control at 20 minutes after cerebral ischemia (Andine et aI., 1988) . Therefore, the significant upregulation of GL YTI mRNA as observed on the first and second days after ischemia in the present study may contribute to keeping the extracellular concentration of glycine in the CA I field low and to preventing the activation of NMDA receptor in situ, provided that the increase in GL YTl mRNA expression leads to stimulation of GL YTI pro tein synthesis. There are two possible mechanisms by which GL YTl mRNA expression in glial cells is regulated. One is that GLAST mRNA expressions in the stratum pyramidale of the CA 1 field (spICA 1), stratum lacunosum moleculare of the CA 1 field (simI CA 1), and stratum moleculare of the dentate gyrus (sm/DG) in the gerbil hippocampus after 3 minutes of isch emia. Each value represents relative GLAST mRNA expression level, ob tained by using the intensity of the CA3 pyramidal cell layer of the control gerbils as a standard, and is shown as the mean (± SD) of three indepen dent analyses .••• P < 0.001, signifi cantly different from the sham operated group (statistical analyses were performed by the analysis of variance followed by a post hoc test of Fisher). Bar = 1 mm (A-E), 50 !-1m (F and G). 
an increase in extracellular glycine concentration around CAl pyramidal neurons, as reported by Andine et a1. (1988) , directly enhances GLYTl mRNA expression in the adjacent glial cells. Another possibility is that an unknown factor released from the CAl neurons after transient ischemia facilitated the GLYT1 mRNA expres sion, In support of this, Zafra et a1. (1997) have shown the existence of a regulatory cross talk between neurons and glia to initiate and sustain the glial expression of GLYTL Expression of EAAC1 mRNA in the CAl field was not upregulated at early postischemic periods when neu ronal death or survival is determined in the field, and it began to decline in synchrony with the degeneration of hippocampal CA 1 neurons after ischemia. Therefore, ei ther EAAC1 may not play a major role in the process of delayed neuronal death, or a decrease in EAAC1 protein, if preceding the decrease in EAAC 1 mRNA as a result of impaired protein synthesis, may contribute to neuronal cell death.
Expression of GLAST mRNA is upregulated in astro cytes within the retina after transient ischemia (Otori et mRNA expression in the stratum radia· tum of the CA 1 field (sr/CA 1), the stra tum lacunosum-moleculare of the CA 1 field (slm/CA 1), and stratum pyrami· dale of the CA3 field (sp/CA3) after 3 minutes of ischemia. Each value repre· sents relative GL T1 mRNA expression level, obtained by using the intensity of the CA3 pyramidal cell layer of the con trol gerbils as a standard, and is shown as the mean (± SO) of three indepen· dent analyses . •• P < 0.01, significantly different from the sham-operated group (statistical analyses were performed by the analysis of variance followed by a post hoc test of Fisher). 8ar = 1 mm (A-E), 50 �m (F and G).
aI., 1994) and in the facial nerve nucleus after axotomy (Yamashita et aI., 1996) . Similarly, we have detected a significant increase in GLAST mRNA in the alveus and stratum lacunosum-moleculare of the CA 1 field by the seventh day after ischemia. Microautoradiography has shown that astrocytelike cells express GLAST mRNA in these areas. Because the alveus contains the axons of CAl pyramidal neurons and nearly half of the CA 1 py ramidal neurons degenerate by the seventh day after ischemia, the upregulation of GLAST mRNA expression in the alveus may be involved in the degeneration of these axons. In addition, because the stratum lacunosum moleculare contains perforant fiber axons and Schaffer collaterals and many synaptic connections between these axons and CAl neurons are impaired at the seventh day after 3 minutes of ischemia (Matsuda et aI., 1997; Peng et aI., 1998; Sakanaka et aI., 1998) , the upregulation of GLAST mRNA in the stratum lacunosum-moleculare seems to take place after degeneration of the projecting axons. We speculate that the upregulation of GLAST mRNA in these regions leads to an increase in glial GLAST protein and to lowering extracellular glutamate 
concentration, thereby facilitating functional recovery of the remaining neuronal axons. Expression of GLTl mRNA in the stratum radiatum markedly decreased by the seventh day after 3 minutes of ischemia. At this period, most of the local synaptic con nections, including glutamatergic ones, are impaired in the stratum (Matsuda et aI., 1997; Peng et aI., 1998; Sakanaka et aI., 1998) , and there appeared to be little intact glutamatergic synaptic neurotransmission. These results, together with the finding that astrocytes need cocultured neurons to express GLTI (Swanson et aI., 1997) , suggest that the expression of GLTI mRNA de pends on intact cross talk between neurons and glia. In contrast, GLAST mRNA expression in the stratum ra diatum was not decreased on the seventh day after 3 minutes of ischemia. This result is in agreement with the finding that cultured astrocytes do not need neurons to express GLAST (Swanson et aI., 1997) . Taken together, the expressions of GLTl and GLAST mRNA are differ entially regulated in the ischemic brain. This is the first report showing the distribution of GL YTI and three glutamate transporter mRNA in the gerbil hippocampus, although the distributions of glycine and glutamate transporters in other animal species have been investigated by using immunohistochemistry (Rothstein et aI., 1994; Zafra et aI., 1995; Lehre et aI., 1995; Chaudhry et aI., 1995; Schmitt et aI., 1996 Schmitt et aI., , 1997 and in situ hybridization histochemistry (Adams et aI., 1995; Velaz-Faircloth et aI., 1996; Schmitt et aI., 1996 Schmitt et aI., , 1997 . Expression of GLYTl mRNA has been reported to localize exclusively in astrocytes (Zafra et aI., 1995; Adams et aI., 1995) . The present study also showed GL YTl mRNA expression in astrocytes within the cor pus callosum, using a double-labeling method. In line with the studies of Velaz-Faircloth et ai. (1996) indicat ing the neuronal expression of EAACl mRNA, we noted an intense EAAC1 mRNA expression in the pyramidal cells and dentate granule cells. Interestingly, GLAST and GL Tl mRNA exhibited unique distribution patterns in the gerbil hippocampus. An intense GLAST mRNA ex pression was observed mainly in the molecular layer and just beneath the granule cell layer of the dentate gyrus. Expression of GL T1 mRNA is generally considered to occur in astrocytes (Lehre et aI., 1995) ; however, in the present study, we found a strong GLTl mRNA expres sion in CA3 pyramidal neurons, supporting the studies of Schmitt et al. (1996) and Martin et aI. (1997) . In addi tion, GLT1 mRNA was also intensely expressed in as trocytes in the molecular layer and just beneath the gran ule cell layer of the dentate gyrus. These findings indi cate that GLAST and GLTl mRNA are abundantly expressed in the dentate gyrus and CA3 field, which are known to be resistant to ischemia. In contrast, GLAST and GLT1 mRNA expressions in the CAl area were relatively weak. Because GLAST and GLT1 are consid ered to play a major role in glutamate transport (Roth stein et aI., 1996) , the reduced expression of GLAST and GLTl mRNA observed in the CAl field might account for the vulnerability of CAl pyramidal neurons to isch emia. However, the expressions of GLAST and GL T1 proteins with or without phosphorylation should be in vestigated in the future to ascertain this speculation, be cause the functions of GLAST and GLTI depend on the local contents of the phosphorylated and nonphosphory lated transporter proteins (Casado et aI., 1993 ; Conradt and Stoffel, 1997) .
